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Summary 
The present dissertation reports the results of investigations of (i) the crystallization 
morphology in single and multi-layer Ge2Sb2Te5 (GST225) samples and (ii) the crystallization 
morphology and local structure in binary Ge53Te47 and quasibinary GeSb2Te4 (GST124) 
samples. 
For a detailed study of the crystallization morphology in GST225 layers, three sets of 
experiments were performed. In a first set of experiments single-layers of GST225 with a 
thickness of 30nm were sputtered on a KCl substrate and subsequently tempered at 220°C, 
260°C and 300°C. In a second set of experiments double-layer GST225 samples 
(GST225/80nm layer on ZnS-SiO2/10nm underlayer) were sputtered directly on TEM grids 
and tempered at 170°C, 220°C and 260°C and in a third set of experiments three-layer 
GST225 samples (ZnS-SiO2/15nm - GST225/100nm - ZnS-SiO2/25nm) were sputtered on a 
Si substrate and tempered at 160°C and 220°C. The morphology and structure of the 
GST225 samples were studied with CTEM (Conventional TEM) imaging, SAED (Selected 
Area Electron Diffration) and HRTEM (High Resolution TEM) techniques. 
It was found, that single- and double-layer samples tempered in the temperature window 
between 160 and 220°C and three-layer samples tempered at 160°C show similar fine-
grained and homogeneous morphology and possess a metastable cubic structure which 
results from nucleation driven crystallization. The HRTEM images of the as-sputtered single-
layer samples, tempered at 220°C, and the FIB-prepared three-layer samples, tempered at 
160 and 220°C, revealed the presence of an amorphous phase in the structure. 
Single-, double- and three-layer samples, tempered at 220°C show completely different 
crystallization morphology and structure: while homogeneous globular cubic metastable 
grains were detected in single- and double-layer GST225 samples, faceted grains of stable 
hexagonal phase were observed in three-layer GST225 samples.  
After annealing at 260°C the double-layer GST225 samples transformed into the hcp 
structure with plate like morphology; in the single-layer GST225 samples only ~50% of the 
metastable cubic matrix transformed into the plate-like hexagonal phase after annealing at 
the same temperature and coexisted with globular grains of the metastable cubic structure; 
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the metastable cubic structure in the single-layer samples has disappeared after annealing at 
300°C. 
In the plate-like hexagonal phase, which has considerable lager lattice parameter than the 
parent cubic matrix, stacking faults were observed. 
To summarize, single- and double-layer samples tempered at 160°C-220°C and three-layer 
samples, tempered at 160°C undergo nucleation driven crystallisation followed by the 
formation of a metastable cubic phase. In the single-layer samples a residual amorphous 
phase was observed between the grains. Single-layer and double-layer GST225 samples, 
annealed at 220°C, possess the metastable cubic structure after moderate grain growth, 
whereas in the three-layer GST225 samples, tempered at the same temperature, the 
formation of a finite amount of hexagonal stable crystals was observed. The formation of a 
homogeneous hexagonal stable phase in single-layer and double-layer GST225 samples 
was observed after annealing at 300°C and 260°C, respectively. 
The amorphous-to-crystalline transition and the crystallization morphology in binary Ge53Te47 
samples was studied using CTEM imaging, SAED, HRTEM and EFTEM (Energy Filtered 
TEM) techniques. The amorphous to crystalline transition was observed in binary Ge53Te47 
during annealing at 250°C. Excess Ge-atoms do not fill up the vacancies in Ge53Te47 but 
rather segregate on the grain boundaries.        
Using the HRTEM technique, medium-range order regions were identified in amorphous 
Ge53Te47 and possess a structure very similar to that of crystalline Sb. 
A study of the local order in amorphous and crystalline Ge53Te47 and GST124 
(Ge1.02Sb2.25Te4) was performed via quantitative electron diffraction including a Pair 
Distribution Function (PDF) analysis. The experimental interatomic distances obtained in this 
work are in a good agreement with the interatomic distances reported in the literature and 
provided by other established techniques (EXAFS, neutron and XRD diffraction). Slight 
differences in interatomic distances are supposed to be an effect of compositional deviations 
or thermal vibrations. 
Using the experimental interatomic distances, asymmetrical tetrahedral structural units 
(GeTe4) for binary GeTe (Ge53Te47) and quasibinary GST124 were proposed. The 
amorphous GeTe local structural unit possesses a bond angle of 112°, while the amorphous 
GST124 local structural unit has a smaller bond angle of 95°, which is nearly the same as the 
bond angle in the cubic crystalline structure. 
1 Motivation and background 
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1 Motivation and background 
Since the early 1990s ultra-thin GeTe-Sb2Te3 (GST) layers and GST-based compounds have 
been used in phase-change optical recording devices such as CD-RW and DVD-RW 
(secondary computer storage media), see Fig. 1.1. 
In computer data storage, one distinguishes between primary and secondary storage. The 
primary data storage media are directly accessible by the Central Processing Unit (CPU) and 
are known as the Random Access Memory (RAM). RAM is a volatile storage media, which 
means that it loses the stored information when the power is switched off. The secondary 
storage devices (hard discs, optical storage devices, flash memory etc.) can be accessed by 
input/output channels of the PC; the data stored on these media are non-volatile and can be 
kept for a longer time without electricity supply. 
The binary conditions, which are required for data storage, are provided in GST by the 
different refractive indexes of the amorphous and crystalline phases (optical contrast). Other 
important properties, which are crucial for data storage are high termal stability at RT (more 
than 30 years) and high reversibility of the amorphous-crystalline transition cycles (more than 
105 cycles [Yamada, 2000]). Since the phase transition in GST is accompanied by significant 
changes not only in the optical but also in the electrical properties, GST-chalcogenides are 
promising candidates for applications in non-volatile primary computer data storage (e.g. 
phase-change random acsess memory (PC-RAM). 
Despite successful commercialization of GST, its local structure still remains a focus of 
various studies. The driving force and the motivation of the present work was to contribute to 
a deeper understanding of the GST phase-change alloy structure using Transmission 
Electron Microscopy (TEM) and in this manner to contribute to the implementation of GST in 
non-volatile computer storage media. 
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Fig. 1.1 Application of GST alloys for optical storage [Wuttig, 2007] 
 
1.1 Devices for phase-change recording 
To write a bit of information in a GST-based phase-change storage device, the GST 
polycrystalline layer has to be locally molten and quenched in its amorphous state (RESET-
state). To erase the written data and return the material to its initial state (SET-state), the 
amorphous region is heated to a temperature above the crystallization point (Tx) and 
annealed (Fig.1.2). 
 
 
Fig. 1.2 Temperature profile for SET and RESET operation [Maimon, 2003] 
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The required thermodynamic conditions for the amorphization and crystallization process are 
influenced by the thermal properties of the active GST-layer, the surrounding layers and the 
interface. 
 
1.1.1 Optical recording 
The principle diagram of an optical disc structure is shown in Fig.1.3. The main components 
of the conventional optical disc are: the recording GST-film which is sandwiched between 
two interface layers (GeN or SiC), dielectric layers (usually ZnS-SiO2), protective and 
reflective metallic layers and suspended on a substrate. 
For the recording, reading and erasure processes a focused laser beam with different power 
levels is used. To write a bit of information, the highest power level which is required for the 
crystalline to amorphous phase transition is applied. The erasure and the read out processes 
are performed at a medium and at the lowest power levels, respectively. 
 
 
 
 
 
 
 
 
 
 
Fig. 1.3 Schematic diagramm of a cross sectional view of optical disc 
 
1.1.2 Electrical recording 
Fig.1.4. shows a prototype of a PC-RAM memory cell with GST active layer, sandwiched 
between two electrodes. The starting operation point of the PC-RAM cell (SET state) is a 
Substrate 
 
Protective layer 
Reflective layer 
Dielectric 
layers 
Interface 
layers 
 
Laser 
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highly conductive polycrystalline state. To bring the device into the high-resistance state 
(RESET) state, a short high-current puls is applied. It leads to a local melting and a diffusion 
controlled rehomogenization of atoms in the GST-material. The subsequent rapid current 
interruption results in fast quenching of the molten region leading to an amorphous phase. To 
transform the device back into the SET state, the voltage across the device is increased to a 
medium level. The operating voltage gives a rise to a correponding current which increases 
nonlinearly with voltage. At some critical voltage a columnar region in the amorphous 
material becomes conducting due to the formation of microcrystallites (crystallization). Both, 
SET and RESET states, remain after switching of the current and are stable with time.  
 
Fig.1.4 Memory element for electrical phase-change recording [Maimon, 2003] 
 
1.2 Structural aspects of binary GeTe and 
quasibinary GeTe-Sb2Te3 
From a chemical point of view, GeTe-Sb2Te3 (GST) alloys belong to the family of 
chalcogenide materials. 
Chalcogenides are chemical compounds which containe the chalcogens S, Se or Te and are 
mostly synthesized as binary (AIVBVI, AIVB2VI) or quasi binary compounds (AIVBVI-AIVBVI, 
AIVBVI-AIVB2VI, AIVBVI-A2IVB3VII). These materials can be easily obtained in both the amorphous 
and the metastable crystalline state. 
Usually, the short-range order in amorphous metals and semiconductors is very similar to the 
local atomic order of the corresponding crystalline phases. This means that after the 
1 Motivation and background 
 
13 
amorphous-to-crystalline transition the local coordination and chemical environment of the 
individual atoms remains unchanged. Nevertheless, a number of studies carried out on 
binary GeTe and quasibinary GST have proven that significant changes in the local order 
exist upon amorphization, which are accompanied by density changes [Njoroge, 2002] and 
by the shortening of the bond lengths [Kolobov, 2003], [Kolobov, 2005], [Wełnic, 2006], 
[Caravati, 2007]. 
In the last few years, systematic investigations of the amorphous to crystalline transition, 
local GST structure [Kolobov, 2005], [Wełnic, 2006], [Caravati, 2007] and bonding [Jóvári, 
2007], [Baker, 2006], [Kolobov, 2005], [Kolobov, 2003] were performed. Very important 
knowledge for GST-alloy development was gained on the influence of vacancies on the GST 
properties [Yamada, 2000], [Matsunaga, 2004], [Wuttig, 2006]. The cubic GST phase shows 
a relatively high (10-20%) vacancy concentration, which varies with GST composition. The 
cubic GST phase can be therefore characterized as an open structure [Matsunaga, 2004]. 
XRD experiments of the metastable cubic Ge2Sb2+xTe5 phase performed by Yamada 
[2000] have shown, that the vacancy concentration is independent on Sb-content and 
remains constant with increasing x-value. This means, that excess Sb atoms segregate to 
the grain boundaries during crystallization, instead of filling up the vacancies. The DFT 
calculations, which were peformed for the GST metastable phase [Wuttig, 2006], have 
shown, that the stability of the cubic GST phase is strongly related to the high vacancy 
concentration and the resulting distortions in crystal structure. 
Amorphous GeTe-thin films crystallize at 140-150°C [Andrikopoulos, 2007]. After 
crystallization, the GeTe-films possess a trigonal/ rhombohedral structure (space group 
R3mH), which can be considered as a distorted NaCl type structure [Chattopadhyay, 1987]. 
In crystalline GeTe, both Ge and Te atoms are 6-fold coordinated.  
A number of studies have shown, that the coordination in GeTe changes after the 
crystallization process [Maeda, 1991], [Andrikopoulos, 2006], [Andrikopoulos, 2007], 
[Kolobov, 2006], [Kohara, 2006]. 
Various structure models for the local order in amorphous GeTe were proposed: 
(i) tetrahedral GeTe4 units as building blocks with a side lengths of 2.60Å [Kolobov, 
2005] (a slightly different side length of 2.65Å was reported by [Maeda, 1990]); 
(ii) an odd- and even-numbered ring structure model, consisting of GeTe4 and GeTe3Ge 
units [Kohara, 2006]. This local structure model was derived by reverse Monte Carlo 
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simulation of synchrotron radiation x-ray diffraction data. Ge-Ge bonds are present in 
this model and cause the formation of odd numbered rings; 
(iii) using the results of Raman scattering experiments, a network of GeTe4-nGen 
(n=0,1,2,3,4) tetrahedra with temperature dependent chemical enviroment was 
proposed by Andrikopoulos [2007]. The coefficient n varies with temperature and 
approaches a value of 4 shortly before crystalization starts. Te-Te bonds are not 
permitted in this model. 
Crystalline GST (c-GST) thin films show two kinds of structure: a metastable NaCl-cubic 
structure (space group Fm-3m) and a stable hexagonal structure (space group  p-3m) 
[Friedrich, 2000], [Yamada, 2000], [Njoroge, 2002]. The transformation temperatures of the 
metastable cubic and the stable hexagonal phase are 140°C and 310°C, respectively 
[Friedrich, 2000]. 
In the metastable NaCl-cubic structure the 4a sites are occupied by Te-atoms; the 4b sites 
are randomly occupied by Ge-atoms, Sb-atoms and 10-20% vacancies [Yamada, 2000], 
[Wuttig, 2006]. In analogy to binary GeTe, large relative displacement of Ge-atoms from the 
ideal position were observed in metastable GST by Shamoto [2005].  
For both, binary GeTe and quasibinary GST, a shortening of Ge-Te and Sb-Te bonds takes 
place upon amorphization [Kolobov, 2005]. After amorphization, the Ge-Te bonds become 
shorter and stronger [Kolobov, 2005] and as a consequence the amorphous phase becomes 
locally more ordered than the crystalline phase [Wełnic, 2006]. 
The amorphous GST phase can be described as distorted spinel structure [Wełnic, 2006] 
and possesses well defined GeTe4 units [Kolobov, 2005], [Kohara, 2006], [Wełnic, 2006]. 
Most of the existing studies on GeTe and GST phase change materials were performed with 
well established techniques such as XRD, neutron diffraction and EXAFS. The main 
challenge of the present work was to apply TEM for the investigation of the local structure of 
ultra-thin GeTe and GST124 layers, the investigation of the crystallization morphology of 
single-, double- and monolayer GST, and for the visualization of local defects. 
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2 Theoretical background of electron 
diffraction analysis 
Diffraction is a powerful instrument for the determination of the crystal structure and the local 
atomic arrangment in crystalline and amorphous materials. In an electron diffraction 
experiment an incident electron wave passes through a thin secimen and is scattered by 
individual atoms. The scattering process can be coherent or incoherent, elastic or inelastic. 
The diffraction pattern results from coherent elastic scattering and provides the information 
about the real space periodicity in the material. 
In following, an introduction into the theoretical background of the scattering process, 
diffraction physics and atomic Pair Distribution Function (PDF) analysis is given. 
2.1 Scattering of a wave 
The total intensity of the scattered electron beam contains the contributions of the coherent 
scattered intensity, Icoh, the incoherent scattered intensity, Iicoh, the multiply scattered 
intensity, Im, and the background intensity, Ib, [Egami, 2003]: 
 
bmicohcohtot IIIII +++=      (2.1) 
 
In order to obtain experimental results, which are comparable to XRD and neutron diffraction 
data, the modulus of the wave vector of a primary electron beam is used in electron 
diffraction analysis: 
 
00 /2 λpi=k
r
     (2.2) 
 
where 0λ  is the wave length of the incident electron wave ( 0λ =0.025079Å at an operating 
voltage of 200kV). The scattering diffraction vector qr  (Fig. 2.1) is calculated using the 
formula: 
0kkq
rrr
−=       (2.3) 
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where k
r
 is the wave vector of the scattered electron beam: 
 
λpi /2=k
r
      (2.4) 
 
 
Fig. 2.1 The geometry of diffraction experiment [Egami, 2003] 
 
For elastic scattering λλ =0  and the magnitude of the scattering diffraction vector is: 
 
λ
θpi sin4
=qr
     (2.5) 
 
2.1.1 Wavefunction 
In order to explain and calculate the intensity in the diffraction experiment, the wave nature of 
the electrons in the beam has to be considered. 
A wave is usually described using a wavefunction ),( txψ  which gives the shift of the wave 
amplitude at position x with time t. The electron wave can be described using the 
mathematical form of a wave )( trk ωψ −⋅ rr , where )( trk ω−⋅ rr  is the phase of the wave, rr  is 
the position vector and ω  is the angular frequency.  
The incident electron beam is a plane wave (Fig. 2.2a) and is described using the following 
equation: 
 
2θ
 
0k
r
qr
 
k
r
d
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))(exp( 00 trki ⋅−⋅= ωψψ
rr
                                        (2.6) 
 
where 0ψ  is the wave amplitude. 
 
 
 
 
 
 
 
 
(a) (b) 
 
 
 
 
 
 
 
 
   (c) 
Fig. 2.2 (a) plane wave; (b) spherical wave, (c) scattering of an electron wave at an atom [Fultz, 2008] 
 
While passing through a sample, the incident electron beam interacts with the atoms in the 
specimen which act as scattering centres. The exit electron wave is no more planar but a 
spherical wave (Fig. 2.2b). 
k
r
 
r
r
 
k
r
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r
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Scattering of the incident beam at an atom (Fig. 2.2c) results in modulation of the phase and 
amplitude of the incident wave and the equation of the exit wave takes the form: 
 
0
00
000
))))(((
exp)()(
rr
trrkkikkfkke rr
rrrr
rrrr
−
⋅−−−
−⋅=−
ωψψ           (2.7) 
 
where )()( 0 qfkkf
rrr
=−  is the atomic scattering factor (see Section 2.1.4). 
 
2.1.2 Coherent and incoherent scattering 
In a sample with N atoms, an exit wave can be defined as a sum of component waves, 
‘wavelets’, scattered from the different atoms. In case of a coherent scattering the phase 
relationship between the incident wave and all wavelets remains unchanged, and the exit 
wave eψ  is a sum of the amplitudes of the scattered wavelets: 
 
∑=
j
j
r
re ψψ      (2.8) 
 
The intensity measured in a diffraction experiment for coherent scattering is then: 
 
2
∑=
j
j
r
rcohI ψ      (2.9) 
 
Since the coherent scattering process depends on the relative phases of the wavelets and on 
the relative positions of the atoms, the coherent scattering is the main contribution to the 
diffraction experiment. 
In contrast to the coherent scattered wavelets, the incoherent scattered wavelets do not 
posses any phase relationship and show neither constructive nor distructive interference. 
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The total intensity of incoherent scattering is therefore the sum of the individual scattered 
intensities: 
 
2
∑ ∑==
j j
jj
r r
rrcoh II ψ                                           (2.10) 
 
2.1.3 Elastic and inelastic scattering 
Coherent and incoherent scattering can be either elastic or inelastic. The two main 
processes coherent elastic and incoherent inelastic scattering are used in diffraction 
experiments and spectroscopy, respectively.  
A scattering process is considered to be elastic, if it is not accompanied by any detectable 
change in energy of the incident electron wave. The periodic arrangement of atoms in a 
crystal usually results in coherent elastic scattering. Incoherent elastic scattering usually 
occurs if the phase relationships between the scattered wavelets are disturbed by disorder in 
the material. 
Whereas the coherent elastic scattering results in well defined intensity maxima in the 
scattering intensity distribution, the incoherent elastic scattering intensity distribution shows 
broad maxima (Fig. 2.3). 
If an energy transfer takes place during the scattering, the phase of the scattered wavelet is 
altered in a statistical maner and the scattering is incoherent. The inelastic scattering is 
therefore often incoherent. However, inelastic scattering is not always incoherent, and 
cohierency effects can for example be observed during plasmon excitation. 
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Fig. 2.3 Intensity distribution for coherent (1) and incoherent (2) elastic scattering [Reimer, 1967] 
 
2.1.4 Atomic scattering factors  
As it was shown in Section 2.1.1, Eq. (2.7), the amplitude of the scattered spherical wave is 
related to the atomic scattered factor (f) and is equal to atomic scattering factor at 10 =ψ .  
Atomic scattering factor is therefore the parameter which defines the ‘efficiency’ of a 
scattering event. The atomic scattering factor can be expressed as a ratio of the amplitude of 
the wave scattered by an atom and the amplitude of the wave, scattered by a single electron 
[Cullity, 1956]: 
 
electron
atom
udeWaveamplit
udeWaveamplitf ~                                      (2.11) 
 
The atomic scattering factor f  depends on the wave length λ  of the electron wave, on the 
scattering angle θ , and on the atomic number Z, [Williams, Carter, 1996]: 
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λ
pi
θ            (2.12) 
 
where 0E  is beam energy, 0m  is the mass of electron, c  is the velocity of light, 0a  is the 
Bohr radius and xf  is the scattering factor for X-rays.  
For quantification of diffraction experiments, atomic scattering factors are usually calculated 
using the analytical formula [Egami, 2003]: 
 
∑
=
+−=
n
i
ii csbasf
1
2 )exp()(             (2.13) 
 
where pi4/qs = , λθpi /sin4=q , q  is the absolute scattering diffraction vector. 
Atomic scattering factors for X-ray scattering are tabulated in the International Tables for 
Crystallography. In the present work, atomic scattering factors, fitted for electrons by [Jian-
Sheng, 1984] to an analytical formula (2.13), were used. 
 
2.2 Electron diffraction 
2.2.1 Electron diffraction from crystalline materials 
As it was already mentioned above, the underlying mechanism of diffraction is the coherent 
elastic scattering from individual atoms. Wavelets, coherently scattered by individual atoms, 
undergo constructive interference. This results in the formation of a diffraction pattern. 
The condition for the constructive interference obeys Bragg’s law (diffraction condition): 
 
θλ sin2 hkldn =                                                      (2.14) 
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where n  is the reflection order, hkld  is the interplanar spacing of the planes with the indices 
hkl. For cubic structures hkld  can be calculated using the formula: 
 
222 lkh
adhkl
++
=                                                 (2.15) 
 
where a  is the lattice constant. 
The diffraction condition can be determined in a geometrical form, using reciprocal space 
and the Ewald sphere construction (Fig. 2.4). 
According to the Laue condition, diffraction occurs if the scattering diffraction vector 
0kkq
rrr
−=  is a vector of a reciprocal lattice gr : 
 
gq rr =                                                        (2.16) 
 
 
Fig. 2.4 The Ewald sphere construction (after [Goodhew 2001] and [Fultz, 2008]) 
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Therefore, in terms of reciprocal space, diffraction occurs if the Ewald sphere touches a point 
on the reciprocal lattice (Fig. 2.4). The Bragg law (eq. 2.14) can be derived from the Ewald 
sphere construction using the simple geometrical relation: 
 
dAO
OP
22
sin λθ ==                                                  (2.17) 
 
In real crystalline materials, the crystals are usually oriented in a way, that the crystal is not 
exactly in the diffraction condition. Fig. 2.5 demonstrates this situation. 
 
 
 
Fig. 2.5 The Ewald sphere is missing the reciprocal lattice point by a vector s
r
 [Goodhew, 2001] 
 
A vector s
r
 (Fig.2.5) is defined as the excitation error and is the measure of the deviation 
from the Bragg condition. By introduction of the excitation error s
r
 the scattering diffraction 
vector changes to: 
 
sgq rrr +=                                                           (2.18) 
 
2.2.2 Geometrical relationships 
Since the typical Bragg angle for electron diffraction is in the range of °<<° 10 θ , the Bragg 
condition (2.14) can be simplified to: 
 
θλ dn 2=                                                                    (2.19) 
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The important parameter, which is used for the quantitative analysis of the diffraction pattern, 
is the camera constant λL  (L  is the camera length and is equal to the distance from the 
specimen to a viewing screen (Fig. 2.6). The camera constant displays the geometrical 
relationship between the diffraction pattern and the reciprocal space. This geometric relation 
is explained in following. 
Unscattered electrons hit the viewing screen at a point O corresponding to the central 
diffraction spot (Fig. 2.6). Electrons scattered at an angle θ2  hit the viewing screen at a 
distance r  from the central spot O. Therefore the diffraction angle θ2  can be then 
calculated using the simple geometrical relation: 
 
L
r
=θ2                                                                (2.20) 
 
 
Fig. 2.6 The relationship between the diffraction pattern and the reciprocal space (after [Zou, 1995]) 
 
Combining equation (2.19) and (2.20), the relation between the diffraction pattern and the 
reciprocal space can be expressed as follows: 
 
L 
2θ 
O 
r 
A 
1/λ 
1/d 
B 
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λ⋅=⋅ Ldr                                                            (2.21) 
 
were the excitation of a reflection of the first order (n=1) is assumed. 
2.2.3 Electron diffraction from amorphous materials 
In contrast to crystals, amorphous materials possess no translationally periodic arrangement 
of atoms. Therefore Bragg’s law (Eq. 2.14) cannot be applied to solve the local structure of 
an amorphous material. Usually, to characterize the short range order in amorphous (and 
crystalline materials) the Pair Distribution Function (PDF) analysis is used. In following the 
brief introduction to PDF method is given. 
 
2.3 Quantitative electron diffraction analysis 
2.3.1 Scattering amplitude and diffraction intensity 
The amplitude of the spherical exit wave (Eq. 2.7) can be expressed as: 
 
∑
=
⋅⋅⋅=
N
m
mme rqiqfqf
qA
1
)exp()()(
1)( rrrr                            (2.22) 
 
where mr
r
 is the vector that defines the position of the atom m, )(qfm
r
 is the Atomic Scattering 
Factor (ASF) of the atom m and )(qf r  is the compositional average of the atomic scattering 
amplitude )(qf i : 
 
∑
=
=
U
i
ii qfUqf
1
)()( r                                                 (2.23) 
 
where Ui  is the atomic fraction and fi(q) is the atomic scattering amplitude. 
2 Theoretical background of electron diffraction analysis 
 
26 
From the mathematical point of view the Fourier transform (FT) of a function )(xf r  is given 
by: 
 
∑
∞
−∞=
⋅⋅=
j
jj xkixfqF )exp()()(
rrrr
                                     (2.24) 
 
Comparison of this equation with equation (2.22) makes it obvious that the amplitude of the 
exit spherical wave, )(qAe
r
, is a Fourier transform of the atomic position mr  [Egami, 2003]. 
However, from the diffraction experiments only the intensity of the diffracted beam can be 
measured directly. 
The coherent intensity of the diffracted beam is directly related to the square magnitude of 
the exit spherical wave: 
 
2)(qAI ecoh
r
=                                                    (2.25) 
 
Assuming the weak phase approximation, valid for a very thin specimen [Zou, 1995], the 
equation (2.25) can be rewritten as: 
 
2
2
hkled F
tI ⋅





Ω
⋅
=
λ
                                              (2.26) 
 
where t is the crystal thickness, Ω is the volume of the crystal unit cell, )(qF r  is the 
crystallographic structure factor of a crystal for electrons: 
 
∑
=
⋅⋅⋅⋅=
N
m
mhklmhkl rqiqfF
1
)(2exp)( rrr pi                                  (2.27) 
 
The crystallographic structure factor gives the intensity of the Bragg peak, located at: 
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*** clbkahqq hkl
rrrrr
++==                                       (2.28) 
 
where ( h , k , l ) are integers, which define the magnitude of the reciprocal lattice vector 
along the unit vectors ( *ar , *b
r
, 
*c
r ). 
The crystallographic structure factor should not be confused with the total scattering structure 
function, described in the next section. 
 
2.3.2 Atomic Pair Distribution Function Analysis 
The coherent scattering intensity (kinematical approximation) can be calculated as: 
 
)exp()( 0 mnn
N
m
N
n
mcoh rqiffIqI
rrr
⋅⋅⋅= ∑∑                                (2.29) 
 
where I0 is the intensity of the incident electron beam, N is the number of scattering atoms, 
nmmn rrr
rrr
−=  is the distance between two atoms, fm and fn are the corresponding ASF. For 
crystalline and amorphous isotropic species, the average value of )exp( mnrqi
rr
⋅⋅  can be 
calculated using the formula:  
∫
∫
Ω
Ω⋅⋅⋅
pi
pi
α
4
0
4
0
)cosexp(
d
drqi mnmn
  →  
mn
mn
rq
rq
⋅
⋅ )sin(
                           (2.30) 
 
where dΩ is an incremental increase of the solid angle Ω (Fig. 2.7). 
The coherent scattered intensity is then: 
 










⋅
⋅
+= ∑
≠nm
nm mn
mn
rq
rqfNqI
,
2 )sin(1)(                                        (2.31) 
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Fig. 2.7 Schematic diagram of electron scattering  [Williams, Carter, 1996] 
 
Equation 2.31 can be rewritten using the atomic density function, )(rρ , and the average 
atomic density in the sample, 0ρ : 
 
))sin())((41()(
0
0
22
∫
∞
−⋅+= dr
qr
qr
rrfNqI ρρpi                                 (2.32) 
 
The expression ))((4)( 0ρρpi −⋅= rrrG  is the reduced Pair Distribution Function (PDF), 
which describes a probability to find an atom Bi  at a distance r  from a reference atom A. 
To calculate the experimental G(r), a Fourier transform of the total scattering structure 
function 2
)()(
fN
qIqS =  is applied: 
 
dqqrq
fN
qI
rG )sin()1)((2)(
0
2 ⋅⋅−= ∫
∞
pi
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dqqrqqS )sin()1)((2
0
⋅⋅−= ∫
∞
pi
                                                    (2.33) 
The locations of the peak maxima in a PDF diagram are related to the characteristic bond 
length in the specimen (Section 6). 
 
2.3.3 Limitations of the atomic PDF method 
Since the real experimental diffraction intensity is measured up to a finite qmax-value, the G(r)-
function has to be rewritten as proposed by [Peterson, 2003]: 
 
dqqrqqSrG
q
q
)sin()1)((2)(
max
min
⋅⋅−= ∫pi
 
{ } { }),;()1)(( maxmin qqqFqqSF Θ∗⋅−=                                  (2.34) 
 
where 



=Θ
0
1),;( maxmin qqq  
if
 
otherwise
qqq maxmin ≤≤
 is the termination function. 
The Fourier transform of the termination function is: 
 
{ }),;(),;( maxminmaxmin qqqFqqr Θ=θ  
)()( min0minmax0max rqj
q
rqjq
pipi
−=                                         (2.35) 
 
where )(0 qrj  is the 0th-order spherical Bessel function [Egami, 2003]. 
The termination function (Fig. 2.8) results in termination ripples on the experimental PDF. 
The termination ripples can be corrected using the damping function L(q), proposed by 
Lorch: 
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otherwise
qq max0 ≤≤
                          (2.36) 
 
The modified equation (2.34) is then: 
 
{ } { }),;()()1)(()( maxmin qqqFqLqqSFrG Θ∗⋅⋅−=                          (2.37) 
 
 
Fig. 2.8 The Fourier transform of the termination function θ for qmin=0.9Å-1, qmax=40Å-1  
[Egami, 2003] 
The PDF for a Au standard sample, calculated with and without Lorch damping, is shown in 
Fig. 2.9 
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Fig. 2.9 Effect of Lorch damping on the termination error in the PDF of a standard Au sample 
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2.3.4 Accuracy and resolution of PDF 
The accuracy of the interatomic distances, δr, calculated using PDF analysis, is equal to the 
accuracy of q-measurement: 
 
q
q
r
r δδ
=
                                                       (2.38) 
 
The resolution ∆r of the experimental PDF strongly depends on qmax (Fig. 2.10) and can be 
calculated using the following equation: 
 
max
2
q
r
pi
=∆
                                                   (2.39) 
 
The accuracy and resolution of experimental PDFs in this work are ±0.004nm and 0.037nm 
respectively. 
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Fig. 2.10 Resolution ∆r of the experimental PDF as a function of qmax 
 
2 Theoretical background of electron diffraction analysis 
 
32 
2.3.5 Comparison of reduced PDF with other correlation functions  
The most often used pair correlation functions are: 
- Pair Distribution Function (PDF); 
- reduced Pair Distribution Function (reduced PDF), which was described above; 
- Radial Distribution Function (RDF). 
Advantages and disadvantages of these functions are listed in Table 2.1. 
Table 2.1 Correlation functions overview [Egami, 2003] 
Correlation 
function 
Formula Advantages Disadvantages 
Pair 
Distribution 
Function 
(PDF) 
0
)()(
ρ
ρ r
rg = , 
where )(rρ  is the pair 
density function and 0ρ  is 
the average number density 
of the material  
-low-r short range order is 
emphasized 
-uncertainties increase 
with signal amplitude; 
-difficult data fitting 
Reduced Pair 
Distribution 
Function 
(reduced 
PDF) 
])([4)( 0ρρpi −⋅⋅= rrrG
 
 
-can be directly obtained 
from the FT of the total 
scattering structure 
function )(qS ; 
-is directly related to the 
experimental data; 
-random uncertainties on 
the data are constant in r  
-less physically 
intuitive than )(rg  
Radial 
Distribution 
Function 
(RDF) )(4)( 0
2
rgrrR ⋅⋅⋅= ρpi  
-coordination number cN  
can be directly calculated 
from RDF: 
∫=
2
1
)(
r
r
c drrRN  
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3 Transmission Electron Microscopy 
Transmission Electron Microscopy (TEM) is applied for microstructural characterization of 
metallic, non-metallic and biological materials by means of imaging, diffraction and analytical 
techniques.  
A transmission electron microscope is a quite sophisticated electron optical system (Fig 3.1). 
The four most important TEM components are: 
- illumination system, consisting of electron gun, condenser lens system, condenser 
aperture; 
- specimen stage, consisting of specimen holder and goniometer; 
- imaging system, consisting of objective lens system, objective aperture, intermediate 
lens system; 
- and observation system, consisting of projector lens system, binocular, fluorescent 
screen, TV camera. 
The conventional TEM imaging technique uses the same basic principles as the light 
microscope, but applies electrons instead of light. In TEM an incident electron beam passes 
through an ultra-thin specimen and forms an intermediate image, which is then magnified 
and focused on a viewing screen by a projective lens system. 
After leaving the sample, the electron beam also possesses structural and chemical 
information which can be collected and quantified. 
In following, the TEM imaging techniques applied in this work are discussed. 
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1-electron gun; 2-condenser lens system; 3-condenser aperture; 4-specimen holder; 5-objective lens; 
6-selected area difraction aperture; 7-intermediate lenses; 8-projector lens system; 9-binocular;       
10-fluorescent screen; 11-TV camera 
Fig. 3.1 Schematic diagram of a TEM instrument [Colliex, 2008] 
 
3.1 Conventional TEM (CTEM) 
3.1.1 CTEM operation modes 
A TEM can be operated in two basic modes: imaging and diffraction. The ray diagrams for 
the imaging and diffraction operation modes are shown in Fig. 3.2a and Fig. 3.2b, 
respectively. 
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The diffraction pattern in the back focal plane and the first intermediate image in the imaging 
plane are formed due to the focusing of the electrons which pass through the objective lens. 
 
Fig. 3.2 a) Imaging and b) diffraction operation mode [Williams, Carter, 1996] 
 
To study the sample in diffraction mode, the strength of the intermediate lens is adjusted in a 
way, that the diffraction pattern is projected on the viewing screen (Fig. 3.2b). Readjusting 
the strength of the intermediate lens, TEM can be switched back into the imaging mode (Fig. 
3.2a). 
An image in TEM can be formed using either the direct electrons (Bright Field image/ BF) or 
using the electrons scattered by a particular set of crystal planes (Dark Field image/ DF). 
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Direct or scattered electrons can be selected by inserting the objective aperture into the back 
focal plane of the objective lens (Fig. 3.3). 
 
 
(a)        (b) 
 
Fig. 3.3 a) BF and b) DF imaging techniques in conventional TEM mode [Williams, Carter, 1996] 
 
In Fig. 3.4 the shematic diagram of the typical diffraction patterns of a single crystal sample 
and a polycrystalline sample, consisting of coarse or fine grains, are shown. When elastically 
scattered at a single crystal, the electron beam forms a diffraction pattern that consists of 
separate diffraction spots, which are usually arranged in a regular array (Fig. 3.4a). The 
diffraction pattern from a polycrystal is a sum of diffraction patterns of individual grains (Fig. 
3.4b). In a specimen with a nanocrystalline structure (many grains with different orientations), 
there are always orientations, that satisfy the Bragg law and the diffraction spots are so close 
together, that they form continuous rings (Fig. 3.4c). 
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Fig. 3.4 Typical diffraction pattern of a) single crystal; polycrystal consisting of b) coarse grains and  
c) fine grains [Goodhew, 2001] 
 
3.1.2 Contrast formation in CTEM images 
Contrast can be defined as the appearance of a visible feature in an image [Fultz, 2008]. The 
two main contrast mechansims in CTEM are mass-thickness and diffraction (or Bragg) 
contrast. 
Diffraction contrast in TEM appears due to the aperture in the back focal plane of the 
objective lens, which stops the electrons, scattered to angles higher than the angular 
aperture 2α (Fig. 3.5). ‘Apertureless’ images are usually featureless on the viewing screen 
because of recombination of transmitted and diffracted beam intensities. The role of the 
objective aperture is therefore to suppress this effect by generating diffraction contrast. 
Mass-thickness contrast arises due to incoherent elastic and inelastic scattering of electrons 
in a specimen. The basic principles of the mass-thickness contrast can be explained in terms 
of electron scattering cross-sections and the number of scattering centers (atoms) in the 
propagation direction of the electron beam. 
(a)       (b) 
(c) 
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Fig. 3.5 The role of the objective aperture in contrast formation 
 
When an electron is passing through the specimen, it is deflected in the Coulomb atomic 
potential. An elastic electron-nucleus interaction results in a high angle of scattering θ which 
is directly proportional to the atomic number Z. The electron-electron cloud interaction is 
usually inelastic and results in a low scattering angle. 
The probability that an electron will be scattered through an angle which is greater than the 
semi-angle α subtended by an objective aperture, is related to the corresponding electron 
scattering cross-section [Reimer, 1993]: 
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where a0 is the Bohr radius, E0 is the electron beam energy, θ0 is the characteristic screening 
angle, Z is the atomic number, m0 is the mass of the electron. The scattering probability is 
therefore increasing with increasing element number. 
The thicker areas of a specimen will deflect more electrons through an angle greater than α 
and the contrast will increase according to: 
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)exp(1 tQ
I
I ∆−=∆                                         (3.2) 
 
where Q  is the total scattering cross section, ∆t is a change in a thickness [Williams, 1996]. 
Formulas (3.1) and (3.2) explain the mass-thickness contrast mechanism, which is 
schematically shown in Fig. 3.6. On the Fig. 3.6 areas A and B correspond to the low and 
high mass-thickness respectively. 
 
 
 
Fig. 3.6 The mechanism of mass-thickness contrast [Williams, Carter, 1996] 
 
In samples, for which diffraction is weak and/or large differences in atomic number occur, 
mass-thickness contrast is important for image formation.  
In crystalline specimens, the contrast is mostly due to diffraction contrast mechanism. Fig. 
3.7 shows schematically that particular orientations in a crystalline specimen result in a 
higher scattering intensity Ig (coherent elastic scattering) and lead to a higher contrast in a 
CTEM image. Diffraction contrast in BF- and DF-images strongly depends on how the Bragg 
condition is satisfied; stacking faults, dislocations, grain boundaries and other 
incident beam 
A B 
objective 
lens 
image plane 
intensity profile 
objective 
aperture 
3 Transmission Electron Microscopy 
 
40 
crystallographic deffects, which change the crystallographic planes, give rise to Bragg 
diffraction and are visible in CTEM images. 
 
 
 
 
 
 
 
 
Fig. 3.7 The mechanism of diffraction contrast formation by Bragg scattering. After [Goodhew, 2001] 
 
The regions on the sample with crystallographic orientations which fullfill the Bragg condition 
scatter stronger (higher scattering angles) and appear dark on the corresponding BF and 
bright on the corresponding DF images. 
 
3.2 Phase contrast and High Resolution TEM 
(HRTEM) imaging 
The key differences between conventional TEM and HRTEM are: 
- HRTEM can “see” atoms due to phase contrast; 
- phase contrast arises from interference of direct and diffracted beams; 
- in HRTEM more than one beam is required for image formation and larger 
apertures than in TEM have to be selected. 
In the following, an introduction into the formation of HRTEM images is given. 
An incident electron beam is a plane wave with constant amplitude Ψin(xy)=1 and constant 
phase Φin(xy)=0. While passing through the sample, the electron plane wave interacts 
undiffracted 
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elastically with atoms. The exit electron wave Ψe(xy) which leaves the specimen is no more 
planar and has a modulated amplitude and phase. This wave contains the information about 
the atomic structure of the sample. 
While passing through the objective lens, the exit electron wave undergoes phase 
modulation again. This results in the formation of the electron wave Ψ’im(xy) which interacts 
with the direct electron beam in the imaging plane, resulting in formation of the electron wave 
Ψ’’im(xy). The intensity modulation observed in the HRTEM images is the square of the 
amplitude part of the Ψ’’im(xy) wave function (Fig. 3.8). 
The intensity distribution in the HRTEM image is governed by the Contrast Transfer Function 
(CTF), T(u): 
)(sin)(2)( uuAuT χ=               (3.3) 
 
where u is the spatial resolution, A(u) is the aperture function, χ(u) is the phase distortion 
function. χ(u) strongly depends on the wave length λ, the defocus ∆f and the spherical 
aberration Cs: 
 
432 5.0)( uCufu s ⋅⋅⋅+⋅∆⋅⋅= λpiλpiχ              (3.4) 
 
To interpret a HRTEM image, the following has to be kept in mind:  
- for T(u)<0 the phase contrast is positive and atoms would appear dark on the bright 
background; 
- for T(u)>0 the phase contrast is negative and atoms would appear bright. 
Fig. 3.9 shows a characteristic CTF, calculated for operating voltage 200kV, spherical 
aberration coefficient Cs=1.2, chromatic aberration coefficient Cc=1.2 and energy spread 
e∆U=0.9eV. 
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Fig. 3.8 Formation of an image in high resolution TEM (after [Zou, 1995]) 
 
Fig. 3.9 Contrast transfer function (CTF) calculated for: 200kV, Cs=1.2, Cc=1.2, e∆U=0.9eV  
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3.3 Chemical mapping in TEM 
For recording and imaging of the chemical variations across the specimen, Electron Energy 
Loss Spectroscopy (EELS) and the associated spectroscopic imaging mode Energy Filtered 
TEM (EFTEM) are used. In EEL-spectroscopy an electron beam of a defined energy 
transmits through a specimen and is subject to elastic and inelastic scattering. Elastically 
scattered electrons form the zero loss peak (ZLP) in the EELS spectrum (Fig. 3.10). The 
FWHM (Full Width Half-Maximum) of the ZLP is related to the energy spread in the electron 
source and is used for estimation of the EELS resolution. 
The EELS method is primarily based on the energy analysis of the inelastically scattered 
electrons. In following, the principles of the EELS method, EELS instrumentation and the 
EFTEM technique are discussed. 
A significant part of electrons which traversed a TEM specimen are inelastically scattered 
electrons. The main inelastic scattering mechanisms are phonon excitation, plasmon 
excitation and inner shell ionizations. Phonon excitations result in very small energy losses of 
less than 1eV. These energy losses are usually not resolved in a conventional EELS 
spectrum and are submerged in the ZLP. Plasmon excitations (collective oscillations of 
valence electrons) and inner shell ionizations form the most important part of an EELS 
spectrum. Plasmon excitations correspond to energy losses of 5-50eV and contribute to the 
low loss region in the EELS spectrum (Fig. 3.10). Inner shell ionizations result from the 
excitation of inner shell electrons to unoccupied electron energy levels. The corresponding 
energy losses lead to the formation of so called ionization edges in the EELS spectrum (Fig. 
3.10). These ionization edges are located beyond energy losses of about 40eV and 
contribute to the high loss EELS spectrum region. 
To collect the EELS spectra, various concepts of EELS spectrometers are used [Egerton, 
1996]. The most frequently used EELS spectrometer is the sector magnet spectrometer 
which can be attached to an existing TEM column. (Fig. 3.11a).  
The central element of the sector magnet EELS spectrometer is the magnetic prism. 
Electrons which pass through the entrance aperture and the alignment coils are exposed to a 
uniform magnetic field of the magnetic prism. To produce an interpretable EELS spectra, the 
inelastically scattered electrons have to be dispersed in energy. The dispersion of the 
electrons is realized by a magnetic sector which operates in analogy to an optical prism: the 
electrons with equal energy losses are bent into the arcs of similar curvature and give rise to 
the EELS spectrum on the CCD camera. 
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Fig. 3.10 Schematic diagram of an EEL spectrum [Brydson, 2001] 
 
To perform EFTEM imaging of a thin TEM specimen an energy filter is used. In this work the 
Gatan Imaging Filter (GIF) was applied. 
The GIF is a combination of a magnetic prism EELS spetrometer, an energy-selecting slit, an 
optical system consisting of quadrupoles and sextupoles (lenses) and a CCD camera (Fig. 
3.11b). 
To record the EFTEM image with chemical contrast, the magnetic prism has to be used in a 
spectroscopic imaging mode. The energy-selecting slit to the right of the spectrometer is 
positioned in such a way, that the zero-loss (elastically scattered) electrons are blocked and 
only the electrons of selected energy losses reach the image plane. The element selectivity 
in EFTEM is based on the identification of the characteristic ionization edges of the 
corresponding elements. 
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(b) 
 
 
 
(a) 
 
Fig. 3.11 EELS instrumentation: (a) Schematic diagram of an EELS spectrometer in a TEM system; 
(b) schematic design of an energy filter (Gatan Imaging Filter, GIF). After [Brydson, 2001] 
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4 Materials 
4.1 Samples overview 
In this work GST samples of experimental single-, double- and three-layer configurations 
were studied. Fig. 4.1 gives an overview of the layer configuration, sample preparation and 
thermal treatment route. 
Samples from all three groups were deposited via magnetron sputtering on different 
substrates and annealed by oven-heating in argon atmosphere in the temperature window 
from 160 to 300°C.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.1 Sample configurations and experimental treatment 
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Amorphous single-layer samples were deposited on freshly cleaved KCl substrates (1x1cm2). 
After annealing, the KCl-substrates were suspended in distilled water, the films were 
transferred onto standard TEM grids and dried at ambient conditions. Amorphous double-
layer samples (GST225/80nm - ZnS-SiO2/10nm) were sputtered directly on TEM grids and 
did not required any additional sample preparation steps. Three-layer samples (ZnS-
SiO2/15nm - GST225/100nm - ZnS-SiO2/25nm-Si) were sputtered as amorphous layers on a 
0.6mm thick Si-wafer and were studied in plane- and side-view. 
Pre-characterization of the layers was performed using EDX, EPMA (sample composition) 
and EELS (sample thickness) analysis. The morphology and structure of the GST- and 
GeTe-layers were studied with Transmission Electron Microscopy (FEI Tecnai F20 and JEOL 
JEM 2000 FX II). 
 
4.2 Sample preparation techniques 
Single- and double-layer GST-samples were deposited by magnetron sputtering, using the 
sputter systems ‘von Ardenne’ LS320S (1.Physikalisches Institut) as well as experimental 
sputtering setup built in the Institute für Werkstoffchemie. The sputtering conditions are listed 
in Table 4.1. The three-layer GST-samples were kindly provided by Institut für 
Halbleitertechnik (RWTH Aachen).    
To prepare a three-layer GST sample for TEM-studies in plane-view, a disc with a diameter 
of 3mm was cut from the three-layer GST225 sample and mechanically thinned to a few 
microns. Argon ion milling (Dual Ion Mill Gatan 600) was used to complete thinning of the 
sample to electron transparency. 
Cross-sections of the three-layer samples (for side view TEM investigations) were prepared 
via Focused Ion Beam (FIB) techniques using the Focused Ion Beam Workstation FEI 
STRATA FIB 205. 
In the following, the basic principles of the sputtering, ion milling and FIB techniques are 
discussed.  
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                   Table 4.1 Sputtering conditions 
Sample 
Sputtering parameter Single-layer 
GST 
Double-layer 
GST 
Sputtering gas Ar 
Sputtering gas purity 99.999% 
Pressure during sputtering, mbar 5·10-3 7.1·10-3 
Operating voltage, kV 0.3-0.5 
Sputtering power, W 20-25 65 
Deposition rate, nm/s 0.1 1.8 
 
4.2.1   Sputtering technique 
The elementary step of the sputtering process (Fig. 4.2) is the ejection of atoms from a solid 
target material through bombardment of the target by high energetic ions. The sputtering 
method is generally applied for thin film deposition, etching (ion milling) or sample analysis 
(Secondary Ion Mass Spectroscopy, SIMS). 
The most common ion source in sputtering instruments applied for thin film deposition is a 
plasma produced by an inert gas (usually agon) glow discharge. 
Sputtering includes the following processes: 
- interaction of high energetic ions with a target, which results in collision cascades in 
the target material; 
- collision cascade movement to the target surface and sputtering of atoms, which 
possess an energy above the surface binding energy; 
- deposition of sputtered atoms on a solid substrate facing the target. 
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1-vacuum chamber; 2-plasma; 3-cathode; 4-sputter target; 5-anode; 6-substrate   
 
Fig. 4.2 Schematic diagram of the sputtering technique (after [wk_09]) 
 
The sputtering rate can be calculated using the formula proposed by [Hsieh, 2003]: 
 
ρ
YWJ
S
⋅⋅⋅
=
23.6
                                           (4.1) 
 
where W and ρ are the atomic weight and the density of the sputtered material respectively, 
J  is the current density at the cathode, and <Y> is the mean sputtering yield. 
The sputtering yield depends on the ion energy E and on the target material [Bohdansky, 
1984]: 
2/7
4/13/5
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EMEY thγ                     (4.2) 
The parameter γ  is equal to 4M1M2/(M1+M2)2, the threshold energy Eth is equal to 
8U0/(M1/M2)2, where U0 is the binding energy of surface atoms, M1 and M2 are the atomic 
weights of the ion and target atom respectively.  
The sputtering rate S can be increased by increasing the discharge voltage. 
An other even more effective method to increase the sputter rate is the application of a 
magnetic field, introduced through positioning of a permanent magnet below the target 
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(magnetron sputtering). Electrons, which are “trapped” in magnetic field, have a longer dwell 
time in the gas. The number of collisions with argon atoms and therefore the number of 
argon ions and thus also the sputter rate increase considerably compared to conventional 
scattering. 
4.2.2   Ion milling for plane view sample preparation 
Ion milling is a sputtering technique which is applied in a complementary way to the film 
deposition and is used for sample thinning through removal of atoms from a surface by 
sputtering with beam formed by an inert gas. Fig. 4.3a shows a schematic diagram of the 
dual ion beam milling device. 
Argon ions, which leave the ion-gun, are accelerated by applying an operating voltage of 4-6 
keV and aligned to the specimen surface at incidence angle of 12-15°. Argon ions sputter the 
material from the sample surface and this results in a continuous sample thinning (Fig. 4.3b). 
To avoid sample damage, the sample holder is cooled with liquid nitrogen. The ion milling 
has to be stopped after a hole of some microns diameter has developed in the sample. 
TEM-investigations of the sample, prepared using ion milling, are usually performed on the 
hole edge of the specimen in a plane-view direction (Fig. 4.3c). 
4.2.3   FIB technique for cross-sectional specimen preparation 
The Focused Ion Beam (FIB) work station (Fig. 4.4a) contains the vacuum chamber, ion 
column, gallium Liquid Metal Ion Source (LMIS), sample stage, imaging detectors and gas 
delivery system. 
To cut a FIB lamella from a bulk sample, the sample is fixed on the sample stage and the 
region of interest is protected with a wolfram layer (FIB assisted deposition). The trenching of 
the sample is performed using an ultra fine gallium ion beam (usually 10-20nm). The gallium-
LMIS is used due to its low melting point (Tm=29.8°C), good emission characteristics and low 
surface free energy [Giannuzzi, 2005]. 
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(a)      (b) 
 
(c) 
1-sample holder; 2- sample; 3,4-ion source; 5-ion gun; 6-ion beam; 7,8-gas supply 
 
Fig. 4.3 Ion milling technique: a) schematic diagram of dual beam ion mill instrument; (b) sample 
geometry [Colliex, 2008]; (c) photograph of GST225 sample prepared by ion milling 
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(a)      (b) 
1-vacuum chamber; 2-ion column with LMIS; 3-sample stage with a sample; 4-detector; 5-gas injection 
systems 
 
Fig.4.4 FIB sample preparation technique: (a) schematic illustration of the FIB instrument, from 
[Giannuzzi, 2005]; (b) FIB-lamella in a bulk sample  
 
Fig. 4.4b shows a typical FIB-lamella cut from a bulk material. The dimensions of the FIB 
lamella are usually 10 µm x 5µm x t, where the thickness t depends on the composition of the 
bulk sample. Usually, a thickness of ~100nm is required for mechanically stable lamella. To 
transport an as-prepared FIB lamella from a sample to a TEM-grid, an ex-situ lift out 
micromanipulator in combination with an optical microscope or an in-situ micromanipulator is 
applied. 
The main advantages of FIB-sample preparation technique compared to ion milling is short 
preparation time and controllable sample thickness. 
 
4.3 Sample characterisation 
4.3.1   Quantification of sample composition by EPMA 
In this work Electron Probe Microanalysis (EPMA) was used for quantifying elemental 
composition of the specimens.  
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EPMA is a wave length dispersive x-ray (WDX) spectroscopy technique, used for elemental 
quantification of micro volumes of metallic and non-metallic specimens. Compared to EDX, 
WDX is much more sensitive to low elemental concentrations. Concentrations in the range of 
500-1000ppm can be easily measured.  
In the electron probe microanalyzer (Fig. 4.5) micro volumes of the specimen are illuminated 
with a focused electron beam with an energy in the range of 5-30keV. X-rays, emitted from a 
specimen, are then collected, using WDS spectrometers. Since the X-rays are element-
specific characteristic, the sample composition can be characterized. 
 
Fig. 4.5 Schematic illustration of the electron probe microanalyzer 
 
In EPMA, k-factors are used for elemental quantification: 
faz
dards
sample FFFc
I
I
k ⋅⋅⋅= ~
tan
                                       (4.3) 
where Isample and Istandard are intensities of X-ray radiation of the real sample and a standard 
sample, respectively; c is the elemental concentration; Fz, Fa, Ff are sample constants. 
 
WDS 
Sample 
Electron gun 
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4.3.2   Estimation of sample thickness 
The probability of an inelastic scattering event (Pn) strongly depends on the sample thickness 
(Fig 4.6). Pn can be described using Poisson statistics: 
)/exp()/)(!/1( Λ−Λ= ttnP nn                                      (4.4) 
where n is a number of collisions, Λ is a mean free path. For the scattering order n the 
intensity is highest at t/Λ=n. For the elastic scattered electrons (n=0) the intensity has a 
maximum at t=0 and falls exponentially with increasing specimen thickness. Specimen 
thickness can be therefore calculated as:  
)ln(
ZL
T
I
I
t ⋅Λ=                                                     (4.5) 
where IT is the total scattered intensity, IZL is the intensity of elastic scattered electrons. 
Whith increasing sample thickness the number of multiply inelastic scattered electrons 
increases significant; that results in single, double and even triple plasmon excitations. Fig. 
4.7 demonstrates the effect of sample thickness on the low loss region (from 0 to about 
50eV) in EELS spectra. In TEM-practice, the sample thickness can be therefore estimated 
using relevant spectrum areas IT  and IZL of the low loss region (Fig. 4.7a). 
 
Fig. 4.6 Probability of a scattering process as a function of relative thickness t/Λ: P0 - no inelastic 
scattering, P1 - single scattering and P2 - double scattering [Egerton, 1996] 
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(a) 
 
(b) 
Fig. 4.7 EELS spectrum from (a) thin and (b) thick specimen [Brydson, 2001] 
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5 Crystallization morphology in single- and 
multi-layer GST225 samples 
5.1 Nucleation and growth process during solid state 
phase transformation 
The crystallization morphology in a sample is a result of two processes: nucleation and 
growth. Two basic nucleation models are known: continuous nucleation and site saturation. 
The continuous nucleation occurs when the number of supercritical nuclei is increasing with 
time during isothermally conducted annealing. 
In the site saturation model, nuclei are present before annealing and their number remains 
constant during transformation and growth. 
Nuclei growth can be either diffusion controlled or interface controlled. The conditions for 
occurrence of the diffusion controlled mechanism are infinitely large parent matrix and long 
range diffusion. The diffusion controlled growth is expected to occur during the initial 
transformation stages. 
The interface controlled growth is governed by atomic flux through an interface of a parent 
matrix and a new phase. 
The critical size of the crystalline nucleus strongly depends on interfacial energy γ  between 
the parent phase and the new phase, on specific transformation enthalpy, ug∆ , (driving 
force), and specific strain energy, elε , introduced by the nucleus [Gottstein, 2002], [Kooi, 
2002]: 
 
)(
2
0
elug
r
ε
γ
−∆
=                                              (5.1) 
 
The activation energy for nucleation, )( crG∆ , which is necessary for formation of a critical 
nucleus is: 
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In amorphous GST, the specific strain energy, elε , and the interfacial energy, γ , are 
considerably lower for the nucleus with a cubic structure, than for the stable (equilibrium) 
hexagonal structure with large c-axis [Kooi, 2002]. Therefore, the crystallization reaction pass 
in GST includes formation of the metastable cubic phase:  
 
amorphous phase → metastable fcc phase → stable hcp phase 
 
The activation energy for nucleation is remarkably influenced by the surface reactivity and 
chemical affinity of the substrate [Ohshima, 1996]. The crystallization process is therefore a 
‘competition’ of interface and bulk effects [Zhou, 2001]. In a thin layer crystallization is usually 
dominated by the interface [Zhou, 2001]. 
An atomistic model for the reversible amorphous ↔ crystalline phase transition was 
proposed by [Kolobov, 2004] and is described as ‘umbrella flip’ mechanism. According to this 
mechanism, the amorphous ↔ metastable cubic phase transformation occurs due to a shift 
(flip) of Ge-atoms from tetrahedral into octahedral positions (Fig. 5.1). Umbrella flip 
mechanism leads to the rupture of the longer Ge-Te bonds and strengthening of the shorter 
Ge-Te bonds upon amorphization. 
 
 
 
Fig. 5.1 Atomistic model of the amorphous ↔ crystalline phase transition in GST [Kolobov, 2004] 
Ge 
Te 
(a)     (b) 
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The atomistic model of the transformation from the metastable cubic to the stable hexagonal 
phase is rather complex and requires high vacancy mobility in the parent metastable phase. 
According to [Matsunaga, 2004], growth of the stable hcp grains in the metasble fcc matrix is 
realized by vacancy diffusion. In this transformation mechanism, three processes take place 
(Fig. 5.2a): A) Ge-atoms (2) move from the II layer to the vacancies (1) in the III layer; B) 
Ge/Sb atoms (3) move from the I layer to the vacancies (2) in the II layer; C) Te-atoms (4) 
shift towards the point defects in the I layer. The resulting atomic arrangement is shown in 
(Fig. 5.2b). 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.2 Atomistic model of the cubic to hexagonal phase transition in GST: (a) Three types of atomic 
displacements (and vacancy diffusion); (b) resulting atomic arrangement [Matsunaga, 2004] 
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5.2 TEM results 
In the following, the results of three sets of experiments are presented. In a first set of 
experiments, single-layers of GST225/30nm were sputtered on KCl substrates and 
subsequently tempered at 220, 260 and 300°C. The development of the crystallization 
morphology and structure are shown in Fig. 5.3 and Fig. 5.4 (Section 5.2.1). In a second set 
of experiments, 2-layer GST225 samples (GST225/80nm layer on ZnS-SiO2/10nm 
underlayer) were sputtered directly on TEM grids and tempered at 170, 220 and 260°C (Fig. 
5.5, Section 5.2.2). Finally, in the third set of experiments, three-layer GST225 samples 
(ZnS-SiO2/15nm - GST225/100nm - ZnS-SiO2/25nm - Si substrate) were sputtered and 
subsequently tempered at 160 and 220°C (Fig. 5.6-5.8, Section 5.2.3). 
 
5.2.1 Single-layer GST225 samples 
The crystallization morphology of single layer (1-layer) GST225 samples, sputtered as 
amorphous films on KCl substrate (Fig. 5.3a) and tempered at T=220°C, exhibits a 
homogeneous globular structure (Fig. 5.3b), which is characteristic for a nucleation driven 
crystallization mechanism [Zhou 2001]. The corresponding SAED pattern with sharp Debye-
Scherrer rings indicates the presence of randomly oriented grains and could be indexed as 
cubic fcc structure (SG Fm-3m, SGN 225). 
After annealing at 260°C the diffraction rings of the cubic parent phase become weaker and 
the reflections of a new phase appear (white arrows on SAED pattern, Fig. 5.3c). The 
diffraction reflections of the second phase were indexed as hexagonal structure (SG P-3m, 
SGN 164).  
After annealing at T=300°C, the parent metastable cubic matrix completely transformed into 
the stable hexagonal phase (Fig. 5.3d). 
HRTEM investigations of the GST225 sample, tempered at 220°C, revealed the presence of 
an amorphous phase, which coexists with the metastable cubic grains (Fig. 5.4a). In Fourier-
filtered HRTEM images (Fig. 5.4b) the amorphous structure can be clearly seen as areas 
with absence of lattice fringes (e.g. framed regions in Fig. 5.4a and 5.4b).  
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         (a)           (b)              (c)    (d) 
 
Fig. 5.3 BF image and SAED pattern of 1-layer GST225 samples: (a) as prepared state; tempered at: 
(b) 220°C; (c) 260°C; (d) 300°C. After tempering at 260°C the first grains of the hcp phase appear 
(reflections marked with white arrows) and coexist with the metastable cubic phase (continuous rings) 
 
 
 
 
 
 
 
 
Fig. 5.4 1-layer GST225 sample tempered at 220°C: (a) HRTEM image and Fast Fourier Transformed 
(FFT) pattern shown in the inset; (b) filtered HRTEM image. Right and left framed regions on (a) and 
(b) indicate the crystalline and amorphous phase, respectively 
 
5 nm 5 nm 
(a)     (b) 
5 Crystallization morphology in single- and multi-layer GST225 samples 
 
61 
5.2.2 Double-layer GST225 samples 
Fig. 5.5 shows BF images and SAED patterns of 2-layer GST225 samples, tempered at 170, 
220 and 260°C. 
After annealing at 170°C, a homogeneous globular metastable cubic structure with random 
grain orientation has developed (Fig. 5.5a). After increasing the annealing temperature up to 
220°C, the grains become coarser (Fig. 5.5b) and after annealing at 260°C transform 
completely into the stable hexagonal phase (Fig. 5.5c). 
A proper HRTEM study of the 2-layer GST225 samples was not possible because of the 
presence of the ZnS-SiO2 layer in transmission direction. 
 
 
 
Fig. 5.5 BF images and SAED of 2-layer GST225 samples, tempered at a) 170°C; b) 220°C and c) 
260°C  
 
100 nm 160 nm 160 nm 
       (a)      (b)              (c) 
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5.2.3 Three-layer GST225 samples 
Three-layer GST225 samples were studied in plan- and side-view geometry. 
Fig. 5.6 shows a BF plan-view image of the 3-layer GST225 sample, tempered at 160°C and 
prepared using the ion milling technique. The crystallization morphology of the sample is 
similar to that of the 1- and 2-layer samples, tempered in the temperature window between 
170 and 220°C. 
A closer study of the sample structure was carried out on thin lamellas which were prepared 
using the FIB technique (Fig. 5.7a). The layers in Fig. 5.7a can be identified as Si-wafer, first 
ZnS-SiO2 dielectric layer, GST225 film and second ZnS-SiO2 dielectric layer. The 
characteristic HRTEM image of the GST225 FIB-lamella, which was cut from the sample 
tempered at 160°C, is shown in Fig. 5.7b.  
 
 
Fig. 5.6 BF image of 3-layer GST225 sample annealed at 160°C (plane-view) 
 
The FFT (Fast Fourier Transform) diagram, calculated from the HRTEM image (Fig. 5.7b), 
was indexed as metastable cubic structure (SG Fm-3m, GGN 225). 
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     (a)           (b) 
Fig. 5.7 Structure of the 3-layer GST225 specimen tempered at 160°C: (a) cross-sectional BF image; 
and (b) characteristic HRTEM image and FFT 
 
Fig. 5.8 depicts the side view BF image of the FIB-lamella from the 3-layer GST225 sample, 
tempered at 220°C (Fig. 5.8a), and the characteristic HRTEM images (Fig. 5.8b and Fig. 
5.8c). 
The crystallization morphology in this sample is a combination of the metastable cubic and 
the stable hexagonal phase. Grains of the hexagonal phase form a zigzag morphology (Fig. 
5.8b) or appear as separate facetted grains in the cubic matrix (framed grain on Fig. 5.8c). 
Weak diffuse signals and a pronounced halo pattern were observed in the FFT diagram of 
the 3-layer sample tempered at 160 and 220°C, respectively. Applying a Fourier-filtering 
procedure to the HRTEM images, the presence of an amorphous phase between the GST-
grains could not be proven. Therefore, it is very likely that the origin of the diffuse halo 
pattern is formation of a thin amorphous oxide layer on the sample surfaces after sample 
preparation. According to [Kooi, 2004], it is very likely that germanium oxide is formed during 
the surface oxidation of GST225. 
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               (a)          (b) 
 
(c) 
Fig. 5.8 Structure of the 3-layer GST225 specimen tempered at 220°C: (a) cross-sectional BF image; 
and (b), (c) characteristic HRTEM image, with large hcp grain in the middle (framed region) 
 
5 Crystallization morphology in single- and multi-layer GST225 samples 
 
65 
5.3 Discussion and conclusions of the crystallization 
experimets 
1-, 2- and 3-layer samples tempered at 160°C ≤ T ≤ 220°C  
A homogeneous, fine globular crystallization morphology was observed in the 1- and 2-layer 
samples, tempered in the temperature window between 170 and 220°C (Fig. 5.3, Fig. 5.5). 
This crystallization morphology is characteristic for the nucleation driven crystallization (Fig. 
5.9a) and is a result of an interplay of a high driving force for crystallization and continuous 
nucleation. A similar crystallization morphology was observed in the 3-layer sample 
tempered at 160°C. 
 
   
 
               a)                 b) 
Fig. 5.9 Schematic mechanism of a) nucleation driven and b) growth driven crystallization 
mechanisms [Zhou, 2001] 
 
The HRTEM images of the as-sputtered 1-layer sample, tempered at 220°C, and the FIB-
prepared 3-layer sample, tempered at 160 and 220°C, revealed the presence of an 
amorphous phase in the structure. However, the amorphous phase in the 3-layer samples is 
expected to be the result of a surface oxidation.  
In the 1-layer sample tempered at 220°C amorphous phase regions were observed between 
grains of the metastable cubic structure (Fig. 5.4). Their origin is very likely to be the residual 
amorphous phase. 
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1- , 2-layer and 3-layer samples tempered at T ≥ 220°C 
1-, 2-layer samples and 3-layer sample, tempered at 220°C show very different crystallization 
morphology and structure: 
- annealing of 1- and 2-layer samples at 220°C resulted in the formation of 
homogeneous globular cubic grains, while first faceted hcp grains appeared in the 3-
layer sample after annealing at the same temperature. Formation of the stable 
hexagonal phase at such low temperatures is also reported in [Matsunaga, 2004; 
Yamada, 1991] (see Table 5.1); 
- after annealing at 260°C, the 2-layer GST225 sample transformed completely into 
the hcp structure with plate like morphology; in the 1-layer GST225 sample only 
~50% of the metastable cubic matrix transformed into the plate-like hexagonal phase 
and coexisted with globular grains of the metastable cubic structure; the metastable 
cubic structure in the 1-layer sample disappeared after annealing at 300°C. 
The observed decrease of the temperature of the cubic to hexagonal phase transition in GST 
(Thcp) may be a result of the following effects: 
- surface oxidation [Kooi, 2004]; 
- substrate chemistry [Ohshima, 1996]. 
Surface oxidation effect can be excluded for the 3-layer samples, which were protected with 
a ZnS-SiO2 capping layer during annealing. Oxidation of the GST225 layer in the 3-layer 
samples was possible only after TEM-sample preparation (transport of FIB-lamella to TEM). 
The crystallization kinetics in the 1- and 2-layer samples, which had air-contact during the 
transport from the sputter chamber to the annealing oven, is more likely to be affected by 
oxidation. The stable hexagonal phase was observed in the 1- and 2-layer samples after 
annealing at 260°C. [Kooi, 2004] reports the decrease of Thcp temperature from 340 to 275°C 
due to oxidation. 
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 Table 5.1 Temperatures of fcc to hcp phase transition in GST, reported in the literature 
Reference Composition Sample preparation method Substrate Thcp, °C 
[Yamada, 1991] GST124 Electron beam co-evaporation glass  200 
[Friedrich, 2000] GST225 sputtering glass 310 
[Kooi, 2004] GST225 Electron beam evaporation Si-nitrid 340 
[Matsunaga, 2004] GST124 sputtering glass 227 
 
Morphology of hexagonal phase 
The considerable difference in the lattice parameter between the parent cubic matrix and the 
hexagonal phase in GST results in a high nucleation energy, which is required for formation 
of nuclei with hexagonal structure [Kooi, 2002]. Therefore, the phase transformation occurs 
due to growth of a limited number of nuclei (site saturation nucleation and growth driven 
transformation mechanism, Fig. 5.9b). The HRTEM image in Fig. 5.10 shows an initial stage 
of a hcp stable phase formation in GST. The white arrow on Fig. 5.10 points to a stacking 
fault which is often observed in a plate-like hcp-phase morphology. 
 
 
Fig. 5.10 Growth of a hexagonal stable grain in the metastable cubic matrix 
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Summary of results 
The results of annealing experiments on the 1-, 2- and 3-layer samples are summarized in 
Table 5.2. Framed rows indicate the temperature regions, where the 1-, 2- and 3-layer 
samples obtain similar structure and morphology. 
 
Table 5.2 Summary of results 
1-LAYER 2-LAYER 3-layer 
160°C< T < 220°C 
• nucleation driven crystallisation; 
• formation of fcc phase; 
• residual amorphous phase in 1-layer samples 
220° 
moderate grain growth of fcc crystals first hcp nano-crystals 
260°C 
fcc + hcp phase   hcp phase   --------------- 
300°C 
hcp phase   --------------- --------------- 
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6 Amorphous to crystalline transition in 
binary monolayer Ge-Te samples 
The morphology and kinetics of the amorphous to crystalline transition in binary GexTe1-x thin 
layers is very sensitive to local defects and composition [Oleszak, 1989], [Fukumoto, 1987].  
The results of annealing experiments for Te-rich GexTe1-x films show a strong dependency of 
crystallization morphology on Te-concentration, including formation of a crystalline Te-phase 
after annealing at T>210°C [Oleszak, 1989]. 
In the following the results of TEM investigations of structure and morphology of amorphous 
and crystalline Ge-rich Ge53Te47 thin films are presented and discussed. 
 
6.1 TEM results 
6.1.1 Crystallization morphology 
In Fig. 6.1, a bright field TEM image of a crystallized Ge53Te47 film after annealing at 250°C is 
shown.  
 
 
 
 
 
 
 
 
 
Fig. 6.1 BF images and SAED pattern (in the inset) of a binary Ge53Te47 film annealed at 250°C 
b 
b a 
a
(a)     (b) 
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The SAED pattern of the crystalline Ge53Te47 phase can be indexed as a rhombohedral 
crystal structure (SG R3m, SGN 160), which is in a good agreement with results of neutron 
diffraction experiments reported in [Chattop., 1987]. 
The BF images of the crystallised Ge53Te47 film exhibit bend-contours (patterns of speckled 
dark lines). Near a zone axis orientation with 3-fold crystallographic symmetry, the 
arrangement of the bend contours shows six-fold symmetry (encircled areas in Fig.6.1).  
Bend-contours in diffraction contrast images arise when a single crystalline specimen area is 
bent or buckled. This situation is illustrated in Fig.6.2: a homogenously bent film is aligned 
such, that the hkl planes in the center of the film are parallel to the incident electron beam. 
Since hkl planes A and B are in the perfect diffraction condition, the reflections –G and G of 
the systematic row corresponding to the given lattice planes are strongly excited. This results 
in the formation of two dark lines on the corresponding BF image. In a more general case the 
sample is buckled around two axes and the BF image shows a crossed set of bend contours, 
the symmetry of which corresponds to the symmetry of the corresponding zone axis.    
 
 
Fig. 6.2 Schematic illustration of a bending-contrast formation [Williams, Carter, 1996] 
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Irregularities in the bend-contours are  indicators of  imperfections in a crystal. In GexTey 
layers this imperfections can arise due to the two following mechnisms:  
- combination of the two processes: nucleation driven crystallization and formation of 
grain colonies with very similar crystallographic orientation [Kooi, 2004]; 
- crystallization in combination with crystal granularity which emerges from an existing 
roughness of the substrate or the oxidation layer on the film surface (Fig.6.3). 
 
 
Fig. 6.3 Growth-controlled crystallization in combination with substrate and surface imperfections 
leads to the formation of crystal granularity 
 
6.1.2 Phase separation during crystallization 
To understand the macro-structure of grain boundaries in Ge53Te47, the samples were 
studied before and after crystallization using EFTEM (Energy Filtered TEM) imaging 
technique.  
The BF image of as sputtered Ge53Te47 (Fig. 6.4a) indicates a homogeneous morphology 
with constant contrast, characteristic for amorphous species. Corresponding Te-elemental 
mapping (EFTEM-image, Fig. 6.4b) of an as-sputtered amorphous Ge53Te47 film show no 
compositional inhomogeneities. In contrast, the EFTEM image of the crystalline Ge52Te47 film 
reveals a segregation of Ge atoms on grain boundaries (Fig. 6.5). On the BF image of the 
crystalline Ge52Te47 (Fig. 6.5a), the grain boundary is marked with dark arrows; Fig. 6.5b and 
Fig. 6.5c show the corresponding Te- and Ge-elemental maps, respectively. The dark 
contrast along the grain boundary (GB) in the Te-elemental map indicates the absence of 
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any significant amount of Te on the GB; whereas the white contrast in Fig.6.5c indicates the 
presence of Ge-segregation to the GB. 
 
 
   (a)                 (b) 
Fig. 6.4 Amorphous as sputtered Ge53Te47 layer with homogeneous distribution of Ge and Te: 
a) BF image; b) Te-elemental map (EFTEM image) 
 
Since the ideal stoichiometric composition in the Ge(1-x)Tex system corresponds to x=0.5035 
[Lewis, 1969], it is very likely that the observed Ge-segregations on the grain boundaries in 
crystalline Ge53Te47 are formed by excess Ge-atoms. Since the light Bragg contrast of the 
segregation is homogeneous along the whole grain boundary, excess Ge seems to 
segregate as an amorphous phase. 
Very similar observations are reported in [Privitera, 2003] and [Yamada, 2000] for 
quasibinary GeTe-Sb2Te3, where excess Ge and Sb atoms do not fill up the vacancies of the 
4(b) site in the metastable NaCl structure, but remain in an amorphous state after annealing.  
The metallurgical organization model of the GST structure with excess Sb atoms, proposed 
in [Yamada, 2000] is shown in Fig. 6.6. A similar organization model is also reported in 
[Privitera, 2003] for a GST structure with excess Ge atoms. 
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(a)        (b) 
 
(c) 
Fig. 6.5 Grain boundary in crystalline Ge53Te47 sample, annealed at 250°C: (a) BF image; (b) Te- and  
(c) Ge-elemental map 
 
Fig. 6.6 Metallurgical organization model in crystalline Ge2Sb2+xTe5 [Yamada, 2000] 
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6.1.3  Ordered regions in amorphous GeTe samples 
The HRTEM image of the as sputtered amorphous Ge53Te47 film is shown in Fig 6.7. An FFT 
diagram, calculated from the HRTEM intensities, consists of a halo-diffraction pattern, 
characteristic for amorphous species with lack of any long range order. By careful 
examination of the HRTEM image, confined medium-range order (MRO) regions with fringe 
spacing of ~0.317±0.01nm can be observed (encircled regions on Fig. 6.7). 
 
Fig. 6.7 HRTEM image and FFT pattern (in the inset) for an as sputtered amorphous 20nm thin 
Ge53Te47 film 
 
Since these regions have a size of some nanometers, they cannot be directly ‘registered’ by 
electron diffraction. 
Similar MRO regions with fringe spacing of 0.317nm are reported in [Naito, 2003] for 
amorphous Ge5Sb70Te25 layers and possess the structure of crystalline Sb (Fig. 6.8). The 
interatomic distances in crystalline Sb (0.296nm and 0.430nm) are very close to that in 
crystalline GeTe (Ge-Te=0.290nm and Te-Te= 0.428nm). 
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Fig. 6.8 Unit cell of crystalline Sb [Naito, 2003] 
 
6.2 Discussion and conclusions, amorphous to 
crystalline transition in binary GeTe 
The amorphous to crystalline transition observed in binary Ge53Te47 was accompanied by the 
formation of a crystal granularity. The crystal granularity in this case is supposed to be a 
result of the subsrtate roughness and oxidation process of the Ge53Te47 layer. 
Excess Ge-atoms do not fill up the vacancies in Ge53Te47 and segregate on the grain 
boundaries. Since the Ge-segregations show homogeneous and constant light contrast 
along the whole grain boundary, it is very likely, that Ge segregates as amorphous phase 
and remains amorphous at least up to annealing temperatures of 250°C. According to 
[Westbrook, 1994], the composition gradient around growing crystals usually results in a 
slowing down of an isothermal crystal growth. 
Using the HRTEM technique, medium-range order regions were identified in amorphous 
Ge53Te47 and possess a structure very similar to that of crystalline Sb. Similar results are 
reported in [Naito, 2003] for as sputtered amorphous Ge5Sb70Te25 layers in a 3-layer stack 
sample. 
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7 Short range order in binary Ge-Te- and 
quasi-binary GST124 samples 
Structure and ordering phenomena in a sample can be studied on three scales: 
- Short Range Order (SRO); 
- Medium Range Order (MRO); 
- Long Range Order (LRO). 
Short range order results from the chemical bonding between the atoms and holds the solid 
together. The SRO structural organization includes only the nearest neighbour atoms. 
Medium range order is the next-level structural organization after SRO and includes the 
atoms beyond the short range order [Sheng, 2006]. 
SRO and MRO are usually used to describe the ordering phenomena in materials with lack 
of long range order (amorphous and glassy structures). Long rang order is characteristic for 
crystalline materials, where the positions of the atoms are known precisely throughout the 
whole crystal. A diffraction diagram of an amorphous sample is a typical halo pattern (Fig. 
7.1a), while a diffraction diagram of a polycrystalline sample shows well defined sharp 
Debye-Scherrer rings, which indicate the presence of a long rang order structural 
organization in the sample (Fig. 7.1b) 
To study short range order in amorphous or crystalline materials, Pair Distribution Function 
(PDF) analysis is usually applied (Section 2.3). In this work reduced PDFs were calculated 
by a simple Mathematica 5.2 code, which was tested using reference amorphous Ge (a-Ge) 
and polycrystalline Au (c-Au) thin films. The interatomic distances in a-Ge and c-Au, 
estimated from the experimental PDFs (Fig. 7.2), are in a good agreement with molecular-
dynamics (MD) calculations [Ding, 1986] and theoretical calculations using DISCUS 
software, respectively. In Table 7.1 the experimental and theoretical results are compared. 
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        (a)                  (b) 
 
Fig. 7.1 SAED pattern of: (a) amorphous Ge and (b) crystalline Au, shown with negative contrast 
 
The experimentally determined maxima for a-Ge and c-Au PDFs match the theoretical 
values with an accuracy of δr/r~1% (0.96% for a-Ge and 0.79% for c-Au). 
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(a)      (b) 
Fig. 7.2 Experimental PDF for: (a) crystalline Au and (b) amorphous Ge 
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Table 7.1 Interatomic distances in amorphous Ge and crystalline Au 
a-Ge c-Au 
Experiment Theory [Ding, 1986] Experiment Theory 
0.244 0.248 0.289 0.286 
0.403 0.400 0.409 0.408 
0.602 0.605 0.504 0.500 
0.758  0.581 0.576 
  0.652 0.644 
  0.770 0.766 
 
7.1 Short range order in amorphous and crystalline 
GeTe samples 
The Pair Distribution Function (PDF) for amorphous GeTe samples (exact composition 
Ge52Te48), calculated from the experimental structure factor via Fourier transform, is shown in 
Fig. 7.3 (solid line).  
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Fig. 7.3 Reduced PDF of amorphous GeTe (solid line); the dashed lines indicate the nearest and next 
nearest neighbour distances in crystalline GeTe 
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The first and the second peaks in the PDF (Fig.7.3) were assigned to Ge-Te and Te-Te 
interatomic distances, respectively (Table 7.2). 
The local structure of crystalline GeTe (dashed line, Fig.7.3) was solved using the software 
ELD (Calidris) as well as the PCW 2.3 program for analysis and visualization of the crystal 
structures. Calculation of the PDF for crystalline GeTe was not possible because of 
discontinuous ring-pattern in the SAED diagram.  
 
Table 7.2 Bond length and bond angle for amorphous and crystalline GeTe 
Bond length, nm Bond angle 
Sample 
Ge-Te Te-Te Te-Ge-Te 
a-GeTe 0.255±0.004 0.425±0.004 112° 
c-GeTe 0.290±0.004 0.428±0.004 93° 
Difference in bond length 
and bond angle 
12% 0.7% 17% 
 
Besides the observed atomic displacement towards the longer interatomic distances in the 
crystalline phase, which was also reported in [Kolobov, 2005], a remarkable change in the 
bond angle appears during the crystallization of GeTe (Table 7.2). 
 
7.2 Short range order in amorphous and crystalline 
GST124 samples 
Experimental Pair Distribution Functions (PDF) for amorphous and crystalline GST124 (exact 
composition Ge1.02Sb2.25Te4) are shown in Fig. 7.4 (solid and dashed line, respectively). The 
first two interatomic distances in the PDF for amorphous and crystalline GST124 were 
assigned to Ge(Sb)-Te and Te-Te distances (Table 7.3). 
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Fig. 7.4 Reduced PDF of amorphous and crystalline GST124 (solid and dashed line respectively) 
 
Analysis of the PDFs of amorphous and crystalline GST124 (Fig. 7.4) reveals the shift of the 
Ge(Sb)-Te and Te-Te peak positions towards higher interatomic distances and an increasing 
peak height upon crystallization. These modifications in the PDFs indicate a distinct change 
of the local order and local coordination during the transformation from amorphous to the 
crystalline state.  
The bond angle in the amorphous phase is very close to that of the crystalline phase (Table 
7.3).  
 
Table 7.3 Bond length and bond angle for amorphous and crystalline GST124 
Bond length, nm Bond angle 
Sample 
Ge(Sb)-Te Te-Te Te-Ge-Te 
a-GST124 0.278±0.004 0.410±0.004 95° 
c-GST124 0.295±0.004 0.417±0.004 90° 
Difference in bond length 
and bond angle 
5.8% 1.7% 5.3% 
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7.3 Discussion and conclusions of short range order 
measurements 
Quantitative electron diffraction analysis has revealed, that the nearest neighbour (NN) 
distances Ge-Ge and and Ge(Sb)-Te, which correspond to the first peak on the PDF profile 
of amorphous GeTe (Ge52Te48) and amorphous GST124 (Ge1.02Sb2.25Te4) respectively 
(Fig.7.3, 7.4), are considerably shorter than in the corrsponding crystalline phases. 
The second peak on the PDF profiles of amorphous GeTe (Ge52Te48) and amorphous 
GST124 (Ge1.02Sb2.25Te4) was attributed to the bond distance Te-Te. The Te-Te distances in 
amorphous and crystaline phases for both, GeTe and GST124 layers, were not significantly 
different. The explanation for this can be the covalent bond linkage [Naito, 2003].  
Using the experimental interatomic distances, asymmetrical tetrahedral structural units 
(GeTe4) for binary GeTe and quasibinary GST124 were proposed (Fig. 7.5). These units can 
be thought as a building blocks of a larger sub-clusters, which form chains or rings. 
In contrast to crystalline phase, where Ge-atoms possess an octahedral coordination 
[Kolobov, 2004], the change of Ge-coordination towards the tetrahedral coordination upon 
amorphization take place. 
The amorphous GeTe local structural unit possesses a bond angle of 112° (the bond angle 
of an ideal tetrahedron is 109.4°), while the amorphous GST124 local structural unit has a 
crystal-like bond angle of 95°. 
  
 
 
 
 
 
(a)        (b) 
 
Fig. 7.5 Asymmetrical structure unit in: (a) amorphous GeTe; (b) amorphous GST124 
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The experimental results, obtained in this work for short range order structural organization in 
amorphous GeTe and amorphous GST, are in a very good agreement with EXAFS [Maeda, 
1991], [Kolobov, 2005], XRD [Wełnic, 2006], neutron scattering [Chattop., 1987] and Raman 
spectroscopy [Andrikopoulos, 2007] measurements. Slight differences in interatomic 
distances are very likely to be an effect of compositional deviations or thermal vibrations. For 
Te and Ge(Sb) atoms, the thermal vibrations of 0.01nm and 0.02nm are reported in 
[Kolobov, 2005] (Table 7.4). 
 
Table 7.4 NN distances in amorphous and crystalline GeTe and GST124: comparison with literature 
data 
Bond length, nm 
Sample Bond type 
Electron diffr. 
EXAFS 
[Kolobov, 2005] 
Neutron diffr. 
[Chattop., 1987] 
a-GeTe Ge-Te 0.255±0.004 0.260±0.001  
 Te-Te 0.425±0.004   
 
c-GeTe Ge-Te 0.290±0.004 0.280±0.001 0.284 
 Te-Te 0.428±0.004   
 
  Electron diffr. 
EXAFS 
[Kolobov, 2005] 
XRD 
[Wełnic, 2006] 
a-GST124 Ge(Sb)-Te 0.278±0.004 0.264±0.002  
 Te-Te 0.410±0.004   
 
c-GST124 Ge(Sb)-Te 0.295±0.004 0.288±0.002 0.302±0.03 
 Te-Te 0.417±0.004 0.426±0.001 0.427±0.02 
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8 Final conclusions 
The experiments of the present work were guided by the following major aims: 
i) investigation of the crystallization morphology in GST samples with three different 
configurations: single-layers of GST225/30nm sputtered on a KCl substrate, double-layer 
GST225 samples (GST225/80nm layer on ZnS-SiO2/10nm underlayer) sputtered on TEM 
grids and three-layer GST225 samples (ZnS-SiO2/15nm - GST225/100nm - ZnS-SiO2/25nm) 
sputtered on a Si substrate; ii) the investigation of the amorphous to crystalline transition in 
binary Ge53Te47 samples; and iii) the determination of the local structure and coordination in 
amorphous and crystalline Ge53Te47 and GST124 thin films. 
The single-layer samples sputtered on a KCl substrate possess the most favorable 
configuration for TEM investigations and require the shortest preparation time. The 
disavantage of the 10-30nm thick single-layer samples is that they cannot be used for a 
proper measurements of electrical conductivity and optical reflectivity which are relevant for 
the development of the phase-change memory devices. On the other side, the double- and 
the three-layer samples, which are suitable for the measurement of electrical conductivity 
and optical reflectivity, are either too thick for analytical TEM or HRTEM (double-layer 
sample with an ZnS-SiO2 underlayer) or require additional time for the sample preparation 
via FIB (three-layer sample). 
In this work, it was proven that the samples of all three configurations possess the same 
structure and morphology in the temperature region 160°C<T<220°C. At T=220°C the same 
is true for the single- and double-layer samples. Therefore, the structure and the physical 
properties of the GST-layers tempered in the corresponding temperature windows can be 
correlated. This knowledge can be applied for the development and optimization of 
commercial GST-based products; the possible strategies are summarized in Table 8.1. 
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Table 8.1 The applied strategies for the investigations of GST thin films 
 1-layer 
sample 
2-layer 
sample 
3-layer sample 
/cs=cross section   
El. resistivity / opt. Reflectivity  + + 
Bright/ dark field imaging + + + 
Selected Area Electron Diffraction (SAED) + +  
High-resolution TEM (HRTEM) +  + 
(cs) 
Energy filtered TEM (EFTEM), Electron Energy Loss 
Spectroscopy (EELS) 
+   
 
For binary Ge53Te47 it was shown: 
ii) that excess Ge-atoms in Ge53Te47 binary layers segregate to the grain boundaries upon 
crystallization instead of filling up structural vacancies. According to [Westbrook, 1994], the 
resulting composition gradient around the growing crystals usually results in a slowing down 
of an isothermal crystal growth.  
Using the HRTEM technique, medium-range order regions were identified in amorphous 
Ge53Te47, which possess a structure very similar to that of crystalline Sb. The obtained 
knowledge about Ge-segregations in the crystalline phase and the presence of the medium-
range order regions can be applied for a modeling of the recrystallization kinetics in GexTey 
films. 
iii) Based on a quantitative electron diffraction analysis of the amorphous and crystalline 
GeTe (Ge52Te48) and GST124 (Ge1.02Sb2.25Te4) thin films it was shown, that the nearest 
neighbour (NN) distances increase upon crystallization. The experimental interatomic 
distances were compared with the results of EXAFS measurements, neutron and XRD 
diffraction reported in the literature. Only slight differences in interatomic distances were 
detected and can be expleined by compositional deviations or thermal vibrations. The 
influence of the compositional deviations on the interatomic distances and bond angles in the 
structural units (GeTe4) for binary GeTe and quasibinary GST124 could be an interesting 
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point of future research work. The combination of TEM methods with EXAFS, XRD and 
Raman spectroscopy is a promising strategy to achieve this goal. 
 
 
 
Bibliography 
 
86 
Bibliography 
[Andrikopoulos, 2006] K.S. Andrikopoulos et al., Journal of Physics: Condensed 
Matter, 18 (2006) 965-979 
[Andrikopoulos, 2007] K.S. Andrikopoulos et al., Journal of Physics and Chemistry 
of Solids 68 (2007) 1074-1078 
[Ankele, 1998] Doctoral dissertation, MPI für Metallforschung, Stuttgart (1998) 
[Baker, 2006] D.A.Baker et al., Phys. Rev. Lett., 96 (2006) 255501 
[Bohdansky, 1984] J. Bohdansky, Nucl. Inst. Method. Phys. Res. 132 (1984) 587 
[Brydson, 2001] R. Brydson, Electron energy loss spectroscopy, BIOS Scientific Publishers, 
(2001), 137 
[Caravati, 2007] Caravati et al., Appl. Phys. Lett. 91 (2007) 171906 1-3 
[Chapman, 1980] B.N. Chapman, Glow discharge processes, John Wiley and Sons, (1980) 
[Chattop., 1987] T.Chattopadhyay, J.Phys.C: Solid State Phys.20 (1987) 1431-1440 
[Colliex, 2008] C. Colliex, Elektronenmikroskopie, Eine Anwendungsbezogene Einführung,  
Stuttgart (2008) 123 
[Cullity, 1956] B.D. Cullity, Elements of X-Ray Diffraction, Addison-Wesley publishing 
company Inc., (1956) 
[Ding, 1986] K. Ding, H. Andersen, Phys. Rev. B, Vol. 34, No.10 (1986) 6987-6991 
[Egami, 2003] T. Egami, S. Billinge, Underneath the Bragg peaks, Structural Analysis of 
Complex Materials, Pergamon, (2003) 
[Egerton, 1996] R.F. Egerton, Electron energy loss spectroscopy in the electron microscope, 
Plenum Press, New York, (1996) 
[Friedrich, 2000] J.Appl. Phys., Vol.87, No.9 (2000) 4130-4134 
[Fukumoto, 1987] Fukumoto et al., J. Phys. Society Japan, Vol.56, No.1 (1987) 158-162 
[Fultz, 2008] B. Fultz, J.M. Howe, Transmission Electron Microscopy and Diffractometry of 
Materials, Springer-Verlag, 2008 
[Giannuzzi, 2005] L.A. Giannuzzi and F.A. Stevie (Eds.), Introduction to Focused Ion 
Beams, Springer Verlag, 2005 
Bibliography 
 
87 
[Goodhew, 2001] P.J. Goodhew, J. Humphreys, R. Beanland, Electron microscopy and 
analysis, Published by Taylor&Francis (2001) 
[Gottstein, 2002] G. Gottstein, Physikalische Grundlagen der Materialkunde, Springer 
Verlag (2001) 472 
[Heinemann, 1998] D. Heinemann, W. Mader, Ultramicroscopy 74 (1998) 113-122 
[Hsieh, 2003] J.-H. Hsieh, C. Li, Jpn. J. Appl. Phys. 42 (2003) 5295-5298 
[Jian-Sheng, 1984] J.Jian-Sheng et al., Acta Physica Sinica, Vol.33, No.6 (1984) 845-947 
[Jóvári, 2007] P.Jóvári et al., J. of Phys.: Condensed Matter 19 (2007) 335212  
[Kohara, 2006] Kohara et al., Appl. Phys. Lett. 89 (2006) 201910 1-3 
[Kolobov, 2003] A.Kolobov, J.Tominaga, Appl.Phys.Lett., Vol.82, No.3 (2003) 382-384 
[Kolobov, 2004] A.Kolobov et al., J.Phys.: Condens. Matter 16(2004) 5103-5108 
[Kolobov, 2005] A.Kolobov et al., Jpn.J. of Appl. Phys., Vol.44, No.5B (2005) 3345-3349 
[Kooi, 2002] B.J. Kooi, J.Th.M. De Hosson, J. Appl. Phys., Vol.92, No.7 (2002) 3584-3590 
[Kooi, 2004] Kooi et al., J. Appl. Phys., Vol.95, No.3 (2004) 924-932 
[Lewis, 1969] J.E. Lewis, Phys. Stat. Sol. 35 (1969), 737-745 
[Libera, 1996] Appl. Phys. Lett. Vol. 68, No.3 (1996) 331-333 
[Maeda, 1991] Y. Maeda, M.Wakagi, Jpn. J. Appl. Phys., Vol. 30, No.1 (1991) 101-106 
[Maimon, 2003] Maimon, IEEE transactions on nuclear science, Vol.50, No.6, 2003 
[Martin, 1986] P. Martin, J.Mat.Sci., 21 (1986), 1-25 
[Matsunaga, 2004] T. Matsunaga, N. Yamada, Phys. Rev. B 68 (2004) 104111 
[Naito, 2003] M. Naito et al., Jpn.J.Appl.Phys. 42 (2003) 1158-1160 
[Njoroge, 2002] J. Vac. Sci. Technol. A, Vol.20, No.1 (2002) 230-233 
[Oleszak, 1989] J. of Mater. Sc. Letters 8 (1989) 1131-1134 
[Ohshima, 1996] N.Ohshima, J.Appl.Phys. Vol.79, No.11 (1996) 8357-8367 
[Peterson, 2003] P.F. Peterson et al., J.Appl. Cryst. 36 (2003) 53-64 
[Privitera, 2003] S.Privitera, J.of Appl.Phys., Vol.94, No.7 (2003) 4409-4413 
Bibliography 
 
88 
[Reimer, 1967] L. Reimer, Elektronenmikroskopische Untersuchungs- und 
Präparationsmethoden, Springer-Verlag, 1967 
[Reimer, 1993] L. Reimer, Transmission Electron Microscopy.: physics of image formation 
and microanalysis, Springer Verlag (1993) 
[Rivera-Rodrígues, 2004] Rivera-Rodrígues C., Prokhorov E. et al., Physics and Chemistry 
of Glasses, Vol.45, No.2 (2004) 153-155 
[Schwarz, 1983] R.B. Schwarz, W.L. Johnson, Phys. Rev. Lett. 51 (1983) 415-418 
[Shamoto,2006] S.Shamoto et al., Jpn.J.of Appl. Phys., Vol.45, No.11 (2006) 8789-8794 
[Sheng, 2006] Sheng et al., Nature Vol. 439, No.26 (2006) 419-425 
[Wełnic, 2006] W. Welnic et al., Nature Materials 5 (2006) 56-62 
[Westbrook, 1994] J.H. Westbrook and R.J. Fleischer, Intermetallic Compounds Principles 
and Practice, Vol.1,. John Wiley & Sons Ltd (1994) 1126 
[Williams, Carter, 1996] D.B. Williams, C.B. Carter, Transmission Electron Microscopy, Vol. 
1, Plenum Press, New York, (1996)  
[WK_09] http://de.wikipedia.org 
[Wuttig 2006] M. Wuttig et al., Nature Materials, Published online: 17 December 2006; doi: 
10.1038/nmat1807 
[Wuttig 2007] M. Wuttig, Nature Materials 6 (2007) 824-832 
[Yamada, 1991] N. Yamada et. al., J. Appl. Phys. Vol.69, No.5 (1991) 2849-2856 
[Yamada, 2000] N. Yamada et., T. Matsunaga., J. Appl. Phys. Vol.88, No.12 (2000) 7020-
7028 
[Zhou, 2001] G.-F. Zhou, Materials Science and Engineering A304-306 (2001) 73-80 
[Zou, 1995] X. Zou, Doctoral dissertation, Stockholm university (1995) 
Curriculum Vitae 
 
89 
 Curriculum Vitae 
PERSÖNLICHE DATEN: 
 
Name Galyna 
Vornahme Laptyeva 
Geburtstag 20.01.1980 
Geburtsort Kramatorsk, Ukraine 
Staatsangehörigkeit Ukrainisch 
QUALIFIKATIONEN 
 
07/1997 Abitur 
09/1997-07/2001 Mechanical Engineering (Donbass State 
Machine Building Akademie, Ukraine) 
07/2001 Bachelorabschluss 
10/2002-04/2005 Metallurgical Engineering (RWTH Aachen) 
04/05 Masterabschluss 
08/2005-08/2008 
 
Gemeinschaftslabor für 
Elektronenmikroskopie/ RWTH Aachen/ 
Promotion 
Seit 08/2008 
 
Hydro Aluminium Deutschland GmbH / F&E 
Bonn, Projektmanager 
 
